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We have studied the coupling of propagating Surface Plasmon Polaritons (SPP) on silver films and exci-
tons in CdS quantum dots (QDs). We employed the Kretschmann-Raether configuration of the attenuated
total reflection (ATR) to propagate the SPP on silver film of thickness 47.5 nm at three different wave-
lengths. The CdS QD have been chemically synthesized with particular size such that its exciton of energy
would resonate with SPP. High resolution transmission electron microscopy (HRTEM) and scan tunneling
microscopy (STM) were used to measure the corresponding QDs size and confirm its shape. Further con-
firmation of the size has been performed by the effective mass approximation (EMA) model utilizing the
band gap of the prepared QDs. The band gaps have been measured through UV–vis absorption spectra as
well as scan tunneling spectroscopy (STS). The coupling has been observed as two branching dips in the
ATR spectra indicating Rabi like splitting. To the best of our knowledge, this is the first time that Rabi
interaction is directly observed in an ATR angular spectra. This observation is attributed to the use a high
resolution angular scan (±0.005�), in addition to the Doppler width of the laser line as well as the energy
distribution of the excitons. The effect of three different linker molecules (TOPO, HDA), (Pyridine) and
(Tri-butylamine) as surface ligands, on SPP-Exciton interaction has been examined.

� 2018 Published by Elsevier B.V.
1. Introduction

The interaction between plasmons in metals and excitons in
semiconductor quantum dots (QDs) have been studied extensively,
both theoretically and experimentally over the past two decades
[1–4], as a mean of modifying their photophysical properties.
Potential novel applications in nanoscale devices include lasers
[5], optical switches [6], sensors [7], light-emitting diodes [8–9],
and photovoltaic solar cells [10]. Usually there are two configura-
tions to generate the surface plasmon-polaritons (SPPs), in the
Kretschmann configuration of attenuated total reflection (ATR)
spectra. Either, varying the incident frequency (x) at a fixed angle
of incidence through the prism h or varying the angle of incidence
at a fixed photon energy. The frequency x and the wavevector of
the incident electromagnetic wave kx, are connected by ‘‘ATR scan-
line” [11]; kx = w

c

ffiffiffi

e
p

sinhwhere c is the velocity of light in vacuum, e
is the dielectric constant for the prism, h is the internal angle of
incidence in the prism.
The mixing of plasmons and exciton modes leads to the forma-
tion of plasmon-exciton mixed states, that has been observed in
both organic [12–14] and inorganic systems [15]. However, such
an interaction can be divided into weak and strong coupling
regimes, in the weak coupling regime, wave functions and electro-
magnetic modes of plasmons and excitons are unperturbed. The
strong coupling occurs when surface plasmon resonate with the
QDs exciton and the excitation energy oscillates between the plas-
monic – excitionic system, called Rabi oscillation. This leads to anti-
crossing and splittingof energy levels that is normally observed in
frequency scan spectra [16]. Such scan, has been studied theoreti-
cally by Bludov and Vasilevskiy [11] and experimentally by Davis
[17]. In their work, the reflectivity as a function of frequency R
(w), exhibits two minima with approximately equal depth at an
angle of incidence close to hi = hATR where hATR is the angle of inci-
dence corresponding to generation of SPP. indicating max coupling
of electromagnetic energy. At other angles of incidence, one of the
minima is significantly deeper than the other as a result of strong
coupling either to the plasmon or exciton [11]. The shift between
the two minima represents the Rabi splitting.

Most of the previous works [16–20], of surface plasmon
and exciton interaction have been focused on localized surface
plasmons (LSP) generated in metal nanoparticles and exciton in
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semiconductor Quantum dots and the hybridization was named
Plexciton [18]. In this work, we present an experimental demon-
stration of energy coupling that occurs between propagating SPP
on silver thin film and excitons confined in CdS semiconductor
QDs using the angular scan configuration of ATR. The coupling
was designed to be observed using SPP generated as the actual
probe. The use of silver is due to its lower intrinsic losses resulting
in narrow SP resonance in the visible spectrum. On the other hand,
semiconductor quantum dots have discrete energy levels that can
be tuned by changing the size of QD.

The objective here is to investigate the resonant interaction of
exciton in a particular dimension of CdS QD with SPP on silver film.
Since the QD exciton energy can be tuned by controlling the size,
the precise determination of the size is of fundamental importance
to our experiment. Therefore, high resolution transmission elec-
tron microscope (HR-TEM) and scan tunneling microscopy (STM)
have been used to determine and confirm the QD size. Also, the
effective mass approximation (EMA) [21] has been applied to the
optical spectra of the nanoparticles to estimate the QDs size.
According to this model, taking into account the effects of valence
band mixing and the e-h coulomb interaction, the nanocrystal (NC)
band gap is given by the following relation;

EgðNCÞ ¼ EgðBulkÞ þ h2p2

2lD2 �
1:8e2

2peeoD
ð1Þ

where Eg(NC) is the lowest energy for electronic transition states for
nanocrystal, Eg (bulk) is the energy band gap for bulk CdS (2.42 eV),
D is the diameter of nanoparticles, l is the reduced mass of electron
and hole, e is the electron charge, and e is the dielectric constant for
CdS crystal. Hence the diameter of the nanoparticles was
determined.

Furthermore, the effect of the nanoscale distance (between the
silver film and the CdS QDs), on the SPP – exciton coupling has
been investigated. This was accomplished by using different sur-
face ligands (surfactant molecules) of the synthesized CdS
nanocrystals which are trioctylphosphine oxide, hexadecylamine
OP(C8H17)3, C16H35N, Pyridine (C5H5N), and tri-butylamine
(C12H27N).

2. Experimental

2.1. Materials

The following materials were purchased, cadmium oxide (CdO,
Aldrich), trioctylphosphine oxide (TOPO, Aldrich), sulfur (Aldrich),
trioctylphosphine (TOP, Fluka), oleic acid (Aldrich), hexadecy-
lamine (HDA, Fluka), Pyridine (Sigma Aldrich), tri-butylamine
(Sigma Aldrich), Toluene (Sigma) and methanol (Sigma).

2.2. Preparation of CdS QDs

2.2.1. CdS capped with TOPO, HDA
0.3 g of CdO was dissolved in 4 ml oleic acid until colorless, and

then a mixture of 2 g of TOPO and 2 g of HDA was added and held
at 170 �C for 5 min to get a clear solution. A 0.3 g of sulfur (S) was
dissolved in 6 mL of TOP, this solution was quickly injected into the
prepared Cd source, and the temperature was raised to 130 �C for
the growth of CdS QDs. After 10-min, quenching by Toluene to stop
the reaction. The particles were washed three times with methanol
and re-dispersed in toluene [22].

2.2.2. CdS capped with pyridine (first surface modification)
0.1 gm of CdS capped with TOPO, HDA was treated with 10 ml

pyridine and left overnight at 70 �C, then quenched by methanol
and centrifuged in toluene.
2.2.3. CdS capped with tri-butylamine (second surface modification)
0.1 gm of CdS capped with pyridine was added to 10 ml of tri-

butylamine at 70 �C and left overnight and then quenched by
toluene and centrifuged in methanol.

The size of the CdS QD was determined directly by HR-TEM and
STM and indirectly using the EMA model by measuring Eg(NC)
through UV–vis spectra as well as scan tunneling spectroscopy
(STS). The presence of the surfactant molecules on QDs was con-
firmed by the Fourier transform infrared spectroscopy (FTIR)
spectroscopy.

Samples for ATR measurements were prepared by spin coating
of 100 ll of CdS with the capping reagents on Ag film of 47.5 nm
thick at speed of 3000 rpm; This was repeated for each of the three
surfactants.
3. Results and discussions

HR-TEM images for CdS QDs capped with TOPO, HDA is shown
in Fig. 1(a–c). It is seen from Fig. 1(a) that the size of the QDs is
(�3.5 nm). Atomic planes are shown in Fig. 1(b) with an interpla-
nar distance of 3.367 Å. This is in good agreement with the dis-
tance 3.36 Å between planes (1 1 1) in hawleyite [23]. This small
difference can be attributed to distortions of the lattice due the
nanometric particle size [23]. This formation is explicitly con-
firmed by the selected area of electron diffraction pattern (SAED)
shown in Fig. 1c, giving interplanar spacings of 3.367 Å, 2.06 Å
and 1.75 Å which match with distances between planes (1 1 1),
(2 2 0) and (3 1 1) respectively of cubic CdS in hawleyite (ICDD
0010-0454). Fig. 2 shows STM image, giving the diameter of CdS
capped with TOPO, HDA around 3.2 ± 0.18 nm. Fig. 3 shows the
UV–vis absorption spectra for CdS QDs, for different capping mate-
rials as indicated. It is obvious that all spectra show the same
behavior with an equal absorption peak around 458 ± 1 nm, indi-
cating the same excitonic energy (�2.7 eV) for the all samples.
STS measurements shown in Fig. 4 also confirmed the band gap
of the CdS QDs as (�2.56 eV). The calculated value of the size of
CdS QDs (�3 nm) by applying EMA model (Eq. (1)) is comparable
to those measured by HRTEM and STM. As was mentioned before,
the size was carefully selected during the synthesis to have exci-
tonic energy matching the SPP in the Ag film at 448 nm.

The ATR spectrum for bare Ag film with thickness 47.5 nm is
shown in Fig. 5a (dashed line), where hATR is 46.93� due to genera-
tion of the SPP at an incident p-polarized laser light of 448 nm. To
minimize any alteration, the same Ag film was coated with QD
using spin coater to be able to accurately observe the coupling of
the SPP in the Ag film and exciton in the CdS QD. The selected
CdS QD size has an absorption peak at (458 nm) that is close to
the SPP in the Ag film (448 nm). Fig. 5a (solid line) shows a dip
split, one at about 46.98� and the second at 48.2�. Moreover, the
width of the ATR spectra is increased due to the overlap of the
two excitations and loading losses. In this case of employing the
angular scan ATR, the small dip splitting in the angular spectra is
an indication of a weak coupling between SPP and QDs’ exciton.
To test this evidence, the ATR of other two films of the same thick-
ness were first plotted as bare films and then plotted after coating
with QD CdS. The spectra were then carried out at two wave-
lengths 532 nm and 632 nm that are well separated from the exci-
ton. Fig. 5b shows the ATR spectra of bare Ag (dashed line) and
coated film (solid line) at an incident wavelength 532 nm. The bare
film has hATR at 44.5� while that of the coated film is 44.6�. This
expected small shift of the angle results from loading the surface
as well as the change of the dielectric at metal surface. Similar
result (single dip at 43.85�) has been obtained when using 632
nm as an incident wavelength on the coated film as shown in
Fig. 5c (solid line). These results show that the appearance of the



Fig. 1. (a) HRTEM image of CdS QDs capped with TOPO, HAD and (b) an enlarged HRTEM image of CdS NP that is surrounded by the circle. (c) SAED for CdS QDs capped with
TOPO, HAD and each plane corresponding to d spacings.

Fig. 2. STM image for CdS QDs capping Topo, HDA.
Fig. 3. (a) UV–vis for CdS QDs capped with TOPO, HAD (black color), (b). UV–vis for
CdS QDs capped with pyridine (blue color). (c). UV–vis for CdS QDs capped with Tri-
Butylamine (red color). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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two branching dips in the ATR spectra occurs only when the SPP
energy is comparable to the exciton energy of QDs. We attribute
this result to Rabi splitting in the ATR angular scan.

Such weak coupling can be ascribed to the energy overlap of the
linewidths of the coupled states [24] be caused by the Doppler
width of the used laser beam (inexpensive commercial lasers)
and the distribution of the exciton energy of the CdS QD. The abil-
ity to measure this weak coupling in a single angular scan that was
not observed before may be due to the use of a turn table with an



Fig. 5. The ATR spectra of the bare Ag film of thickness 47.5 nm (dashed line) and Ag film covered with CdS capped with (TOPO, HDA) QDs (solid line) at an incident laser light
(a) 0.448 nm, (b) 532 nm, (c) 632 nm.

Fig. 6. FTIR for (a). CdS capped with TOPO, HDA, (b) CdS capped Pyridine, (c) CdS
capped with Tri-butylamine.

Fig. 4. The STS average tunneling spectrum for the CdS NPs capped with TOPO, HDA.
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angular resolution of ±0.005 which made this observation possible.
For further confirmation of this observation, the above scheme
with TOPO, HDA as a surfactant was repeated with other two sur-
factants Pyridine and Tri-butylamine.

The spin coating of the Ag film with CdS QD capped with surfac-
tant introduces a separation between the CdS QD and the Ag film
surface that could be estimated to equal the length of the surfac-
tant molecule. Such a distance has been approximated from the
molecular volume of the surfactant. In the case CdS capped with
TOPO, HDA such separation is taken as 0.9 nm. Surface modifica-
tion of CdS QDs by (TOPO, HDA) was confirmed using FTIR spectra
as shown in Fig. 6(a). More than one characteristic bands of TOPO
appear, for instance the band at 3028 cm�1 which is the dissym-
metric stretching vibration of CH3, and the dissymmetric and sym-
metric stretching vibrations of CH2 at 2919 and 2865 cm�1

respectively [25–29]. Also, the weak N-H band (at 3431 cm�1)
due to the presence HDA (aliphatic amines) is hardly seen because
the amine group on the HDA molecule was bound to the surface of
the nanocrystal [25,30]. FTIR spectra of the QDs capped with the
other two different ligands (Pyridine) and (Tri-butylamine) are
shown in Fig. 6(b and c) respectively. Fig. 6(b) shows the N-H
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stretching band due to the pyridine (aromatic amines), while the
C-H and C-P bands are largely decreased as a result of the decrease
in chain and remnant traces of the TOPO surfactant respectively.
Fig. 6c shows slight decrease in the N-H band due to the relatively
smaller ratio of N to C-H in tri-butylamine as compared to pyri-
dine. This also leads to a slight increase in the amplitude of the
C-H band. The spectra (b) and (c) have been magnified 5 times to
compare to spectrum (a).

Fig. 7a shows the ATR spectra for the bare Ag film (dashed
line) and the coated Ag film (solid line) using 448 nm in case of
using pyridine as a QDs surfactant. The spectrum shows two dips
that are clearly seen. This two dips are closer than the case of
TOPO, HDA. Single dip has been obtained when using both
Fig. 7. The ATR spectra of the bare Ag film of thickness 47.5 nm (dashed line) and Ag film
0.448 nm, (b) 532 nm, (c) 632 nm.

Fig. 8. The ATR spectra of the bare Ag film of thickness 47.5 nm (dashed line) and Ag film
light (a) 0.448 nm, (b) 532 nm, (c) 632 nm.
532 nm and 632 nm as shown in Fig. 7(b and c) respectively. This
indicates that no coupling between the SPP and possible exciton
in QDs. Also, Fig. 8a shows the two dips in case of Tri-
butylamine as a surfactant when using 448 nm. The dips are
clearer than the case of TOPO, HDA ATR. Again, there is no
evidence of coupling at the laser wavelengths 532 nm and
632 nm as shown in Fig. 8(b and c) where the plasmon energy
is further from possible exciton. The lengths of surfactants are
0.51 nm, 0.547 for pyridine and Tri-butylamine respectively.
These results confirm the angular splitting in ATR angular scan
configuration at SPP-exciton coupling and reveal that the strength
of the coupling varies with the distance between the QDs and the
metal surface.
covered with CdS capped with (Pyridine) QDs (solid line) at an incident laser light (a)

covered with CdS capped with (Tri-butylamine) QDs (solid line) at an incident laser
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4. Conclusion

SPPs on the Ag film of thickness 47.5 nm at the Ag/air interface
were generated by the Kretschmann-Raether configuration of the
attenuated total reflection (ATR) at wavelengths 448 nm, 532 nm,
and 632 nm. A quantum dot of CdS of size �3.5 nm was chemically
synthesized to have exciton close to the SPP energy at 488 nm inci-
dent laser beam. The QDs band gap was measured by STS. Using a
high resolution angular scan (±0.005�) ATR, the weak coupling of
the propagating SPP in the Ag film and the exciton in QD CdS is
detected when SPP and exciton are near resonance. This coupling
is observed as a split in the dip in the ATR angular scan and the
broadening of the Lorentizan curve. No coupling of the SPP-
exciton occurs when the SPP frequency is out of the exciton energy.
Furthermore, the results show that the SPP-exciton coupling varied
with the length of the QDs surfactant molecules.
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